The dependence of the air-sea interactions over the North Atlantic on the ocean dynamics is explored by analyzing multicentury integrations with two different coupled ocean-atmosphere models. One is a coupled general circulation model (CGCM), in which both the atmospheric and the oceanic components are represented by general circulation models (GCMs). The second coupled model employs the same atmospheric GCM, but the oceanic GCM is replaced by a fixed-depth mixed layer model, so that variations of the ocean dynamics are excluded. The coupled model including active ocean dynamics simulates strong multidecadal variability in the sea surface temperature (SST) of the North Atlantic, with a monopolar spatial structure. In contrast, the coupled model that employs an oceanic mixed layer model and thus does not carry active ocean dynamics simulates a tripolar SST anomaly pattern at decadal time scales. The tripolar SST anomaly pattern is characterized by strong horizontal gradients and is by definition the result of the action of surface heat flux anomalies on the oceanic mixed layer.
Introduction
The North Atlantic Ocean exhibits variability of its surface climate on a wide range of time scales (e.g., Deser and Blackmon 1993; Kushnir 1994) . Bjerknes (1964) hypothesized that the North Atlantic is basically driven by the atmosphere at interannual time scales, while ocean dynamics play a crucial role at decadal to multidecadal time scales. Strong multidecadal variability in the sea surface temperature (SST) of the Atlantic Ocean has been reported and linked to variations in Sahelian rainfall by Folland et al. (1984 Folland et al. ( , 1986 . Coupled ocean-atmosphere models are capable of producing the multidecadal variability (e.g., Delworth et al. 1993; Timmermann et al. 1998; Delworth and Mann 2000) . Although there is disagreement about the specific processes that lead to the multidecadal variability, it is commonly believed that variations in the thermohaline circulation (THC) are important in driving such fluctuations over the North Atlantic (e.g., Delworth et al. 1993; Latif 1998; Latif et al. 2004) .
The nature of the air-sea interactions over the North Atlantic, however, is not well understood. Many different hypotheses have been put forward, ranging from the stochastic climate model scenario (Hasselmann 1976; Frankignoul 1985) to fully coupled feedback loops (e.g., Timmermann et al. 1998; Delworth et al. 1997) . In particular, it is not even clear whether the atmosphere over the North Atlantic is sensitive at all to extratropical sea surface temperature anomalies. Here, we explore the nature of the air-sea interactions over the North Atlantic by conducting coupled model experiments with and without the inclusion of active ocean dynamics. Similar experiments were described by Winton (2003) , who used the fixed current approach. Since the presence or absence of active ocean dynamics has a strong influence on the spatial SST anomaly pattern, it is hoped to find important hints on the nature of the air-sea interaction by comparing these two cases. Visbeck et al. (1998) have shown by periodically forced ocean model simulations, in which flux anomalies that go along with variations of the North Atlantic Oscillation (NAO) drive the ocean, that the SST anomaly pattern changes from a tripolar to a more monopolar structure when the frequency of the forcing is decreased. This may have important consequences for the overlying atmosphere, since the tripolar SST anomaly pattern may force a different atmospheric response than the monopolar anomaly pattern.
Two types of atmospheric response have been described in the literature. One is baroclinic, shallow, and thermal, with anomalously low (high) pressure over anomalously warm (cold) SST (Lindzen and Nigam 1987) . The other is barotropic and involves changes in the surface baroclinicity and in the statistics of the transient eddies (Palmer and Sun 1985) . The latter generally results in anomalously high (low) pressure downstream of a positive (negative) SST anomaly. We address the nature of the atmospheric response by means of two coupled model experiments. It is shown that the inclusion of active ocean dynamics favors the thermal response of Lindzen and Nigam (1987) , while its absence favors the eddy-type response of Palmer and Sun (1985) .
The paper is organized as follows: We briefly describe in section 2 the coupled models and the performed experiments. The results are presented in section 3. The paper is concluded with a summary and a brief discussion of the results in section 4.
Coupled models and experiments
We use here the atmospheric general circulation model (AGCM) ECHAM5 of the Max Planck Institute for Meteorology (MPI) developed and described in detail by Roeckner et al. (2003) . The horizontal resolution of ECHAM5 is T42 (2.8°ϫ 2.8°), and it is run with 19 vertical levels. ECHAM5 was coupled to two different ocean models. One coupled model employs the MPI-OM1, which is an ocean general circulation model (OGCM) developed by MPI. The model described in detail by Marsland et al. (2003) is based on the primitive equations, makes use of the Boussinesq and hydrostatic approximations, and contains an embedded dynamical/thermodynamical sea ice model. The OGCM MPI-OM1 has a variable horizontal resolution, with relatively high resolution in the high latitudes and near the equator (ϳ10-50 km). The coupled model employing MPI-OM1 (ECHAM5-OGCM), which is integrated without flux adjustments, simulates pronounced multidecadal variability in the North Atlantic ). However, the simulated North Atlantic multidecadal variability is almost twice as strong as that observed during the period 1870-1998. The coupled general circulation model (CGCM) was used also by Pohlmann et al. (2004) to study the model's decadal predictability potential. The second coupled model replaces the OGCM by a fixed-depth (50 m) mixed layer ocean (MLO) and a thermodynamic sea ice module, so that by definition, no active ocean dynamics is considered. This coupled model (ECHAM5-MLO) is a realization of Hasselmann's (1976) simplest stochastic climate model, in which SST variability can be produced only by the integration of surface heat anomalies. There may be, however, a feedback of the ocean's SST to the atmosphere, as described below. The sea surface temperature variability in midlatitudes simulated by such a simplified coupled model was discussed, for instance, by Dommenget and Latif (2002) .
Both coupled models were integrated for 500 yr. Daily, monthly, and annual data are available for analysis. The model outputs thus allow the investigation of mean and eddy quantities in the atmosphere. To compare the two coupled runs performed with and without active ocean dynamics, we compute decadal standard deviations and perform correlation, empirical orthogonal function (EOF), and linear regression analyses.
Results
Our focus in this paper is on decadal time scales. We start the analysis of the coupled runs by computing the standard deviations of 10-yr mean surface temperature and sea level pressure. Since both runs have a duration of 500 yr, stable estimates of the decadal standard deviations can be obtained. The ratios of the standard deviations (ECHAM5-OGCM/ECHAM5-MLO) are shown in Fig. 1 . Decadal surface temperature variability is enhanced by the presence of active ocean dynamics over the North Atlantic/European region, over parts of the tropical and North Pacific, and over parts of the Southern Ocean (Fig. 1a) . These were the regions highlighted by Pohlmann et al. (2004) for having high decadal predictability potential. The corresponding figure for SLP shows rather limited similarity to the surface temperature pattern (Fig. 1b) . However, we do find enhanced decadal variability over the North Atlantic. The decadal standard deviation ratios, however, are much smaller compared to those for surface temperature. Over the North Atlantic, for instance, the presence of active ocean dynamics increases the standard deviation of decadal means only by about 20%. This result, which was also obtained by other modeling groups (e.g., Manabe and Stouffer 1996) , has often been used to argue that the impact of changes in ocean currents on the atmosphere is relatively small. We show that this is not the case-although the level of the decadal variability is not strongly influenced by the pres-ence of active ocean dynamics, the structure of both the air-sea interactions and the atmospheric response is strongly affected. We concentrate in the following on the North Atlantic region.
Next, we computed an index of North Atlantic SST, which is defined as the area average over the region 40°-60°N, 50°-10°W. This index was proposed by Latif et al. (2004) to monitor changes in the North Atlantic THC. We contrast the North Atlantic SST indices obtained from the two coupled models in Fig. 2 . To highlight the multidecadal variability, both time series were low-pass filtered by applying an 11-yr running mean filter. The multidecadal North Atlantic SST variability is, as expected from Fig. 1 , much stronger in the coupled run with active ocean dynamics (ECHAM5-OGCM) compared to that without (ECHAM5-MLO). To derive the spatial structures associated with the decadal SST variability, correlation maps for SST and SLP were computed by using the two North Atlantic SST indices as reference time series. The correlations are based on values to which an 11-yr running mean filter was applied.
The characteristic decadal-scale SST anomaly pattern simulated in the run with active ocean dynamics (ECHAM5-OGCM) is rather flat, with positive SST anomalies over most of the North Atlantic (Fig. 3a ). An anticorrelation exists in the South Atlantic (not shown). The SST anomaly pattern in the run with active ocean dynamics is consistent with that obtained from observations and mainly forced by variations of the THC in the CGCM, as described by Latif et al. (2004) . The corresponding atmospheric SLP correlation pattern is also rather flat (Fig. 4a) , with anomalously low SLP over anomalously warm SST. This SLP pattern resembling the East Atlantic Pattern (EAP; Wallace and Gutzler 1981) is also found by standard EOF analysis. The EOF analysis was performed using the last 400 yr of the integration. The leading EOF mode of low-passfiltered (applying an 11-yr running mean filter) SLP anomalies over the North Atlantic accounting for about 43% of the variance resembles the NAO, while the second most energetic EOF mode explaining about 17% of the variance resembles the EAP (Figs. 5a and  5c ). Only the principal component of the latter is correlated in a statistically significant manner (r ϳ0.6) with a North Atlantic THC index, the meridional overturning at 30°N.
The EOF analysis applied to the low-pass-filtered SLP anomalies simulated by ECHAM5-MLO (again using the last 400 yr) yields the same leading mode, the NAO, but a different second mode (Figs. 5b and 5d ). The differences between the two second-most energetic EOF modes are most pronounced over Europe. While in the run with active ocean dynamics the main SLP anomaly extends well into Europe, an anomaly of opposite sign to that over the eastern Atlantic is simulated in ECHAM5-MLO. Furthermore, the main SLP anomaly covers a much larger region of the Atlantic in ECHAM5-OGCM relative to ECHAM5-MLO. Thus, the modal structure of the decadal SLP variability over the North Atlantic is changed by the presence of active ocean dynamics. Next, we computed the number of spatial degrees of freedom from the eigenvalues obtained by the two EOF analyses, as proposed by Bretherton et al. (1999) . While in ECHAM5-OGCM the number of spatial degrees of freedom amounts to about 4, the corresponding number derived from ECHAM5-MLO amounts to about 6. Apparently, the presence of active ocean dynamics favors fewer atmospheric variability patterns. This indicates a rather strong influence of the North Atlantic SST on the atmosphere through the presence of active ocean dynamics, which may increase the decadal predictability of the atmosphere over the North Atlantic. Overall, these results somewhat support the nonlinear paradigm put forward by Palmer (1993a,b) that the effect of anomalous SST on the atmosphere will be felt by a change in the frequency distribution of the occurrence of certain weather regimes.
Our findings in ECHAM5-OGCM (anomalously low SLP over anomalously warm SST) suggest that the atmospheric response is similar to the one proposed by Lindzen and Nigam (1987) . The same relationship between multidecadal changes of SST and SLP was described from observations by Kushnir (1994) . From simple physical considerations, one would expect this type of thermal response. To be specific, we note that the SST anomaly pattern (Fig. 3a) is rather flat without any strong large-scale horizontal gradients. Consequently, the surface baroclinicity is not greatly changed by the SST anomaly pattern, so that a change in the statistics of the transient eddies and a subsequent change in the storm track are not to be expected.
The situation changes completely when the coupled run without active ocean dynamics (ECHAM5-MLO) is analyzed, in which the dynamical ocean model was replaced by a mixed layer model. The dominant SST anomaly pattern is the well-known "North Atlantic tripole" (Fig. 3b) . It is forced by surface heat flux anomalies associated with the NAO, the leading mode of the atmosphere over the North Atlantic. The NAO-forced SST anomaly (tripole) pattern is characterized by strong horizontal gradients. These may well influence the surface baroclinicity and thus the transient eddy statistics, as hypothesized by Palmer and Sun (1985) . This is supported by the associated SLP anomaly correlation pattern, which shows a dipolar structure, with anomalously high pressure downstream of the main positive SST anomaly (Fig. 4b) . Overall, the SLP anomaly pattern simulated in the coupled run with the mixed layer model (ECHAM5-MLO) resembles the NAO. Thus, the spatial variability characteristics at decadal time scales are completely different in the two coupled runs. In the run with active ocean dynamics, the main SLP pattern associated with decadal-scale North Atlantic SST changes resembles the East Atlantic Pattern, while, in the run without active ocean dynamics, the main pattern is the North Atlantic Oscillation. Furthermore, we find that the response in ECHAM5-MLO is barotropic in the vertical and baroclinic in ECHAM5-OGCM (not shown).
The comparison of the two coupled runs indicates that the atmosphere over the North Atlantic is sensitive to the underlying SST changes, at least in ECHAM5-OGCM. It remains to be shown, however, that the pattern simulated by ECHAM5-MLO shown in Figs. 4b and 5b is also a response pattern. Since this pattern is the NAO, it is difficult to separate the internal atmospheric variability from the boundary-forced variability. A multicentury uncoupled run with ECHAM5 forced by seasonally varying climatological SSTs and sea ice extents that would enable us to quantify in detail the boundary-forced component of the atmospheric variability is not available. However, a short uncoupled run of 130-yr duration was performed. We computed spectra of the NAO index from this uncoupled run and from ECHAM5-MLO and show them in Fig. 6 . The power is considerably increased in ECHAM5-MLO relative to the uncoupled run at interannual to decadal time scales, clearly indicating an oceanic influence on the NAO.
Also available for analysis were simulations with the ECHAM3 model, a predecessor of ECHAM5, run at the coarser T21 resolution (Dommenget and Latif 2002) . The results of a multicentury coupled integration with a fixed-depth (50 m) mixed layer ocean (similar to ECHAM5-MLO) and an uncoupled run with prescribed climatological SSTs indicate that the decadal variability of the NAO is indeed increased by the presence of the SST variability. Thus, the NAO is not only a forcing pattern that drives the ocean, but also the main response pattern in ECHAM5-MLO, as indicated FIG. 6 . Frequency spectra (cpy) of the NAO indices in the uncoupled run with ECHAM5 and in ECHAM5-MLO. The spectral analysis is based on monthly data.
by our correlation and spectral analyses (Figs. 4b and 6).
To get further insight into the dynamics of the two different atmospheric responses, we investigated the "Eady growth rate" ␤⌱ , a measure of the baroclinity:
The Eady growth rate depends on the vertical wind sheer dv/dz, the Brunt-Väisälä or bouyancy frequency N, and the Coriolis parameter f. The Eady growth rate was evaluated at the 850-hPa level. We also investigated some transient eddy statistics, the standard deviation of the bandpass-filtered (2.5-6 days) geopotential height fluctuations, and the associated meridional eddy heat flux. These were analyzed at the 500-hPa level. We compared the two coupled runs by computing regression patterns using the two North Atlantic SST indices (Fig. 2) as reference time series. We show the maps of linear regression coefficients of the selected quantities for both runs in Figs. 7, 8, and 9. Since we consider regressions rather than correlations, the magnitudes of the quantities can be directly compared to each other. All eddy statistics are computed for the winter season [December-February (DJF)]. We also computed decadal differences of the eddy quantities by choosing specific decades of anomalously high and low North Atlantic SSTs. These results, however, are entirely consistent with the regression analyses and therefore are not shown here.
Strong Eady growth rate changes are associated with the decadal North Atlantic SST variations only in the run in which the atmosphere model was coupled to an ocean mixed layer model (ECHAM5-MLO; Fig. 7b) . A rather strong decrease of the Eady growth rate is simulated in the region 40°-60°N over eastern North America that extends in an east-northeastern direction across the Atlantic into northern Europe. Anomalously high Eady growth rates are simulated to the south of this region and north of the main negative anomaly. No strong changes of the Eady growth rate are associated with the decadal North Atlantic SST variations in the coupled run with the dynamical ocean model (ECHAM5-OGCM; Fig. 7a) . Thus, the low-level baroclinicity changes associated with the anomalous North Atlantic SST only occur when no active ocean dynamics is considered. This is consistent with the dominant decadal SST anomaly pattern (tripole) in the mixed layer run (ECHAM5-MLO; Fig. 3b ). The tripole pattern is characterized by strong horizontal gradients that are likely to influence the low-level baroclinicity.
Consequently, we find strong changes in the statistics of the transient eddies in association with decadal North Atlantic SST variability only in the run without active ocean dynamics (ECHAM5-MLO). Both the standard deviation of the bandpass-filtered 500-hPa height fluctuations (Fig. 8b) and the meridional eddy heat flux (Fig. 9b) change over large parts of the North Atlantic between phases of anomalously high and low SST. The chain of events is broadly consistent with the barotropic response described by Palmer and Sun (1985) . Although we have not analyzed the response simulated in the mixed layer run in more detail, we hypothesize that the transient eddies take a more southward route, so that both the Icelandic low and Azorian high are weakened. This results in an anomalously weak state of the North Atlantic Oscillation (Fig.  4b) when the SSTA tripole is in its positive phase (Fig.  3b) .
Only weak changes in the eddy statistics are associated with decadal North Atlantic SST changes in the coupled run with active ocean dynamics (ECHAM5-OGCM; Figs. 8a and 9a) . This supports the notion of a shallow and thermal atmospheric response, when the variations in the SST are driven by ocean dynamics, specifically by variations in the THC. These force a rather uniform SST anomaly pattern (Fig. 3a) that does not affect the low-level baroclinicity.
Summary and discussion
We have explored the nature of the air-sea interactions over the North Atlantic at decadal time scales by means of two extended-range coupled model integrations. The two coupled integrations differ in that only one coupled model carries active ocean dynamics. We find that the presence of active ocean dynamics changes the modal structure of the atmospheric variability at decadal time scales. Ocean dynamics drive a rather flat dominant decadal-scale SST anomaly pattern that forces a shallow and thermal atmospheric response resembling the East Atlantic Pattern (EAP). In contrast, the absence of active ocean dynamics leads to a dominant decadal SST anomaly pattern that is tripolar, and this drives a barotropic eddy-type response in the atmosphere that resembles the North Atlantic Oscillation (NAO). The differences in the atmospheric response characteristics are explained by the differences in lowlevel baroclinicity which is strongly altered by anomalous SST only in the run without active ocean dynamics.
We note one important caveat. It has not really been shown in this study that the atmospheric patterns described above (Fig. 4) are really response patterns, that is, that they are forced by the SST changes. This can be shown only by additional uncoupled atmosphere model integrations, in which the two characteristic SST anomaly patterns (Fig. 3 ) are used to drive the AGCM. Although such uncoupled simulations were not conducted, it has been shown that the nature of the air-sea interactions over the North Atlantic changes considerably depending on whether or not active ocean dynamics are included in the coupled model integrations. The dominant decadal SST anomaly patterns in the North Atlantic are accompanied by completely different atmospheric patterns in the two coupled integrations. This result can be explained, on the one hand, if the ticentury integrations with a different model version, however, suggest that the SLP anomaly pattern associated with the decadal SST anomalies in the coupled run with the mixed layer model, the NAO, is not only a forcing, but also a response pattern. Thus, we believe that the atmospheric patterns associated with the decadal-scale SST anomalies in the two coupled runs are indeed response patterns. The flatter decadal SLP anomaly pattern in the run with the dynamical ocean model, resembling the EAP, however, can be explained only if two-sided air-sea interactions are invoked, since it does not occur as one of the leading modes in the mixed layer integration. Latif et al. (2004) show that the monopolar SST anomaly pattern is driven by ocean dynamics, specifically by variations in the THC and the associated changes in the poleward heat transport, and that the surface heat flux acts as a negative feedback. Since the EAP-like pattern is not one of the leading modes in the coupled run with the mixed layer ocean, its climatological significance in the coupled run with the dynamical ocean model must be introduced through the changes in the SST.
We note that the NAO is the leading mode in both coupled integrations at interannual time scales. This result was obtained from EOF analysis of annual SLP anomalies simulated in the two coupled runs (not shown). Furthermore, the associated SST anomaly (SSTA) patterns (the tripolar SSTA pattern) are identical in the two coupled runs at these interannual time scales. Thus, it seems likely that the structure of the air-sea interactions over the North Atlantic is mostly affected by the underlying SST at decadal or longer time scales. This suggests that the midlatitudinal atmosphere is sensitive to changes in the underlying SST primarily at decadal time scales. We find that the atmospheric response pattern at decadal time scales is not necessarily the variability pattern that prevails at interannual time scales and that may have forced the variations in the ocean by changing convection in the first place. Thus, the decadal variations in the THC, for instance, may be driven by variations of the NAO, but the atmospheric response to the subsequent decadal-scale SST changes may project onto another pattern, depending on the prevailing SST anomaly pattern. This seems to happen in the run with active ocean dynamics, in which the response pattern at decadal time scales resembles the EAP.
